Abstract. The influence of the addition of vulcanizing additives on the molecular dynamics of unvulcanized Natural Rubber (NR) has been studied by broadband dielectric spectroscopy. Results reveal a slowdown of the segmental dynamics of NR, restricting the motion of the chains tightly bounded to the additive surfaces. In general, when zinc oxide is present a second dynamic process is detected, ascribed to strong interfacial interactions between the zinc ionic clusters and the NR polymer segments. The study of such interactions prior to vulcanization is a very useful strategy to control the vulcanization process, maximizing its benefits and, hence, improving the final products. Here, we demonstrate that broadband dielectric spectroscopy is a good experimental alternative in order to obtain a deeper insight into the vulcanization mechanisms. Further, our results support one previously proposed sulfur vulcanization mechanism, in which molecules of accelerators, sulfur and fatty acids are adsorbed on the zinc oxide surface.
INTRODUCTION
Natural Rubber (NR) holds a unique place in rubber technology due to its outstanding tack and strength in the unvulcanized state; and high tensile strength and crack growth resistance once vulcanized. 1 For most applications, it is necessary to convert the rubbery linear polymer into a three-dimensional network in order to assure a complete recovery after deformation. Such a network is the result of cross-linking, covalent bonding among some chain segments, by means of temperature and pressure in which an essentially fluid material is transformed into a fully elastic one. This process is commonly known as vulcanization. 1 The sulfur vulcanization is the traditional method for polydiene rubbers, including NR; however, although sulfur vulcanization is a very old large-scale industrial process, and has been considerably studied over the last several decades, a complete fundamental understanding of this complex chemical process remains a significant scientific challenge. A rigorous research effort continues today to unravel the mechanisms of the individual steps in the sulfur vulcanization process. 2, 3 The difficulties encountered in this research field must be accredited to a combination of diversity and complexity. This process usually involves several chemicals such as a vulcanizing agent (sulfur (S)), an accelerator, and an activator complex formed by a fatty acid (stearic acid (SA)) and zinc oxide (ZnO). The situation is further complicated by the interaction of the accelerators and activators, each component influencing the reactivity of the other, and the way these interactions affect the vulcanization mechanism.
Plenty of literature 1, [4] [5] [6] [7] [8] [9] reveals that the addition of these chemicals in small quantities with respect to raw rubber affects the processability and the final properties of the vulcanized compounds. In general, the use of accelerators in combination with zinc activators has a 3 pronounced effect on the speed of vulcanization and on the distribution of crosslinks formed. Besides these, the durability of rubber articles as well as the physical properties, in particular the tensile strength, are very much improved by organic accelerators.
Nonetheless, the authors are struck by the fact that despite the enormous practical knowledge developed so far, a detailed description on how these constituents affect the molecular dynamics and related properties of unvulcanized NR is unknown and has not been reported until now. Moreover, most vulcanization systems have been developed by skillful and elaborated techniques based on the trial-and-error method. 10 So, a detailed discussion on the relationship between molecular dynamics and the effect of each of the additives in the vulcanization system, prior to vulcanization, will be of great interest not only for technological developments, but also for academic interests. In this manuscript, we present experimental evidence, using broadband dielectric spectroscopy (BDS), [11] [12] [13] [14] 
RESULTS AND DISCUSSION
Similarly to synthetic 1,4-cis-poly(isoprene) (PI), [16] [17] [18] [19] two distinct regions of dielectric dispersion are present in NR, 11 a low temperature process (the segmental mode) related to the segmental motions of the polymer chain which has its origin in local motions of the perpendicular dipole moment; and a more intense process assigned to the normal mode which corresponds to motions of the entire chain caused by dipole components parallel to the chain backbone. In this research, we only analyze the segmental mode since the contribution of conductivity and interfacial polarization at low frequencies interfere in the analysis of the normal mode, as it can be seen in Figure 1 . In this figure, a 3D
representation of the frequency and temperature dependence of the dielectric loss ´´ for neat NR and NR/ZnO compound is shown, for comparative purposes. Such a behavior suggests the existence of a second dynamic process slower but close to the segmental mode of NR appearing when additives are present. In one hand, it is worth to notice that the relaxation behavior of the NR/SA compound is the closest to the neat NR.
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On the other hand, the rest of the NR/additives compounds present a more pronounced broadening at the low frequency side of the dielectric loss curves.
In order to estimate the contribution of each additive in the relaxation process, every dielectric spectrum was analyzed and the experimental data of ´´ versus frequency was fitted in terms of the phenomenological Havriliak-Negami (HN) function 20, 21 described by:
Where 
Both characteristic relaxation times coincide when the relaxation spectrum is symmetric, c=1.
8
The dielectric loss data were fitted by the superposition of two HN relaxation processes (named ´ and  in order of increasing frequency) corresponding to each one of the experimentally determined relaxations, plus a conductivity contribution (Figure 3) . (Table 1 ). This fitting protocol was chosen in order to assure physical coherence. In a first approach, we assumed that the main relaxation process () was not significantly affected by the additives. Accordingly, we have considered a similar shape than that of the -relaxation of neat NR. Thus, the shape parameters b and c were kept constant and similar to those obtained for neat NR (b=0.527; c=0.833). While for the ´-relaxation, the parameter c was set to a value of 1 in order to force a symmetric shape and thus, a narrower distribution of relaxation times. Considering asymmetric shape for the ´ process rendered no reasonable fitting for the overall process. As expected, the strength relaxation intensity (∆) is higher for the -relaxation than for the ´-relaxation for all compounds. 
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The dielectric loss spectra of the NR compounds have been grouped in Figure 3 BDS that ZnO is the element with the strongest effect on the segmental dynamics of NR. In this sense, the low frequency shoulder characterized by ´ appears when the complex, SA/ZnO, is present ( Figure 3-series 2a) . However, the elimination of SA from the formulation leaves ´ almost unaffected (Figure 3-series 2b) . The origin of this slow relaxation in NR has been discussed in the literature. In a previous study, Ortiz-Serna et al. 27 attributed this slower relaxation to the dynamics of SA linked to the polymer chains.
Our measurements indicate that this slower relaxation is mainly attributed to the presence of ZnO.
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The influence of ZnO on the dielectric behavior of polymer matrices has been discussed.
Psarras et al. 28, 29 found an additional relaxation mode related to the presence of ZnO in epoxy resin-ZnO composites, in the same frequency and temperature range as the -relaxation, leading to a mutual superposition. They attributed this behavior to polarization effects taking place in parts of the ZnO, which are relaxing under the influence of the AC electric field. Also, Smaoui et al. 30 found that the presence of ZnO in epoxy nanocomposites increases the interactions at the interface, so decreasing the orientation capabilities of dipoles under the effect of an AC electric field.
ZnO is known as the best activator for sulfur vulcanization. There is nowadays, however, an increasing concern regarding the potential environmental and health effects of releasing zinc compounds into the environment from rubber products or rubber production. 31 Thus, it is desirable to keep the ZnO content in rubber compounds as low as possible, not only for environmental but also for economical reasons. Nonetheless, the exact role of ZnO on the network structure has not been well understood. Several theories have been postulated, and the complexity of the vulcanization process has given rise to many uncertainties and contradictions in the literature about the influence of ZnO during the different stages of the process and its exact mechanisms. 2, 3, 32 One of the proposed mechanisms 2, 7, 33 In Figure 5 we present an intensity relation chart between the dielectric strength values of both relaxation processes applying different fitting protocols in order to establish the merits of our previous fitting assumptions. It should be noted that the error bars presented in the graph do not correspond to the experimental error but arise from the spread of the fitting parameters applied. It is clear that the origin of the slower process present in the NR compounds is directly associated with the presence of the different additives. However, two interesting results can be extracted from the analysis of this chart. First of all, the NR/SA compound has the lower intensity relation value, so we can presume that the contribution of the SA to the ´-relaxation is insignificant. This fact is in agreement with the results shown 14 in Figure 2 , where, as previously mentioned, there is certain similarity between the normalized loss curves of neat NR and NR/SA compound.
The second interesting result extracted from Figure 5 is the higher intensity relation value obtained for all compounds where ZnO is present. Thus, it clearly implies that the origin of the slower process present in the NR compounds is directly associated with the presence of ZnO. 
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CONCLUSIONS
In summary, we have made an experimental study of the influence of the addition of vulcanizing components on the molecular dynamics of NR. Our results reveal a slowdown of the segmental dynamics of NR restricting the motion of rubber chains tightly bounded to additive surfaces. In general, when ZnO is present a visible second dynamic process is detected. Systematic removal of the different vulcanizing additives leads us to ascribe this slow process to strong interfacial interactions formed at the interfaces between the ZnO ionic clusters and the NR polymer segments, forming initial physical entanglements between both components, which may act as crosslinking precursors. We believe that these results can help to understand basic issues related to the network structure and molecular mobility of NR, essentials for the optimization of the vulcanization process, the role of additives and their interactions with the NR matrix. Moreover, the better understanding of the role of ZnO in the vulcanization reaction is a key issue for the ongoing efforts to reduce zinc content of vulcanization mixtures without reducing the overall quality of the products.
